INTRODUCTION
============

Chemotherapeutic anticancer drugs are commonly administered intravenously leading to general systemic distribution with poor targeted tumor specificity. This nonspecificity of the anticancer drug causes higher than expected drug uptake by the healthy tissues and results in undesirable side effects.^[@R1]--[@R3]^ Nanomaterials are being widely investigated for their use in diagnosis and therapy of various abnormalities including cancer due to their unique character and functioning at the cellular and molecular levels and scope of their usage is being broadened constantly.^[@R4]--[@R7]^ New improved drug delivery systems based on nanocarriers promise to enhance the specificity of these agents and are expected to reduced their side effects with better therapeutic efficacy due to improved pharmacokinetics and diffusion. However, there are few issues with nanomaterials-based drug delivery systems.^[@R8],[@R9]^ First, drug-loaded nanomaterials are feared to be instantly recognized and cleared off the body by the reticuloendothelial system (RES) prior to reaching the target tumor. Second, various physiological barriers, for example, blood--brain barrier (BBB), hinder the carriage of these drug-loaded nanoparticles to and from different body organs or tissues. Surface modifications and morphological adjustments, such as size and shape of nanoparticles, are carried out to overcome both of these problems with an increase in their blood retention times for better therapy results.^[@R10]^ These adjustments directly influence uptake and clearance of these drug-loaded nanomaterials to and from different organs of the body.^[@R11],[@R12]^

Organic and inorganic nanomaterials have extensively been investigated for targeted drug delivery through an attachment of the particles with some ligands for active transport.^[@R13]--[@R15]^ Organic nanomaterials are more related to the body chemicals; however, different inorganic nanomaterials with low toxicity and better biodegradability are being used because of their better storage and shelf life.^[@R16],[@R17]^ For example, in some early preclinical trials, iron oxide nanoparticles in colloidal form have shown satisfactory acceptance by the patients in colloidal form. Various surface modifications may result in simultaneous reduction in drug dosage and undesirable side effects to the healthy tissues.^[@R11],[@R12],[@R18]^ Better physiochemical properties have been achieved by surface modification of magnetic nanoparticles using various polymers, silica, different surfactant, or various organic compounds. Sufficient amount of drug can be loaded onto the stable surfaced nanoparticles with magnetic core shell structure.^[@R15],[@R19],[@R20]^

Transition metal oxide nanoparticles have sufficient aqueous affinity with coating and can be synthesized with a size \<100 nm and can avoid rapid clearance by the RES. Surface modifications have a key role in defining nanoparticles biotoxicity.^[@R15]^ Various polymers, such as polyethylene glycol (PEG), have been worked out as drug carriers that degrade in the body environment^[@R21],[@R22]^ and can be used for tissue engineering.^[@R23],[@R24]^ These polymers, which are easily degradable inside the body and are suitable for human intake, have reasonable chemical composition. Some nanoparticles surface-blended copolymers have been used to increase blood circulation time of these nanoparticles.^[@R25]^ Although, surface coatings may help in achieving better drug-loading profiles, certain inorganic nanomaterials are capable of loading reasonable drug quantities even without any surface modifications and help to reduce a step (surface coating) in the process of drug design.

In passive drug delivery, drug uptake by the targeted tumor is generally relied on specificity and diffusion process. Nanocarriers may help in achieving reasonably good specificities of the particles loaded with anticancer drugs, whereas this parameter may be influenced by an additional surface coating. This form of passive drug delivery of antitumor agents, adsorbed on the surface of nanoparticles, is a promising alternative to conventional chemotherapy to increase drug-targeting probability and reduce undesirable side effects. A very critical parameter need to be known in this case is the amount of drug loaded on to the nanoparticles behaving as nanocarriers.^[@R26]^ This loaded drug is then needed to be released at the targeted tumor side to have its therapeutic effect. No such analysis is available that how the drug is loaded on what type of nanoparticles. It will also be beneficial for the sake of drug design to study this behavior for various inorganic nanomaterials. Keeping in view the above-mentioned points, this work aims to compare and analyze loading efficiency of a representative water-soluble anticancer drug (doxorubicin \[DOX\]) onto various transition metal oxide nanoparticles due to their low toxicities, reasonably good biocompatibility, and ease of preparation and drug-loading methods. Drug-loading capabilities of naked and PEG surface-functionalized metal oxide nanoparticles of iron oxide, nickel oxide (NiO), tin oxide (SnO), and cobalt oxide (CoO) were evaluated by ultraviolet (UV)--visual spectrometry. These results, we hope, will be helpful in the design of some targeted realm of water-soluble anticancer drug. We intend to evaluate biodistribution and specificities of these transition metal oxide nanomaterials in future.

METHODS
=======

Following methods were used for nanoparticles synthesis and characterization. It is to be stated that our study does not include any human or animal participants and does not need an approval of the ethical committee. However, our study was approved by the review board of the Government College University (GCU), Lahore, Pakistan.

Nanoparticles Synthesis
-----------------------

### Iron Oxide Nanoparticles

Ferrous chloride tetrahydrates (FeCl~2~·4H~2~O) and ferric chloride hexahydrate (FeCl~3~·6H~2~O) were used for synthesis of iron oxide nanoparticles. We used all chemicals of reagent grade and further purification was not carried out. Molar concentrations of FeCl~3~ and FeCl~2~, in their 2:1 ratio, respectively, were dissolved in 50-mL deionized water; 50 mL of sodium hydroxide was added to 50 mL mixture of iron salts under vigorous mechanical stirring at 1200 revolutions/min. This reaction was performed for 30 minutes at 20°C in air medium. Black precipitate of Fe~3~O~4~ nanoparticles appeared in the solution instantly with mixing of the alkali.^[@R18]^ Particles were washed with deionized water thrice and dried in oven at 60°C.

### Nickel Oxide Nanoparticles

To prepare NiO nanoparticles, 0.25 M aqueous solution of nickel chloride (NiCl~4~) and 0.25 M aqueous solution of oxalic acid were separately prepared in distilled water in beakers. This solution containing oxalic acid was heated to a temperature of 55°C. NiCl~4~ solution was added drop wise (slowly for 1 hour) to this heated solution, under vigorous stirring. Nickel oxalate precipitate settled at the bottom and was separated and washed with deionized water 3 times.^[@R27]^ The particles were dried at 60°C in oven and further heated up to 450°C in tube furnace to get NiO nanoparticles.

### Cobalt Oxide Nanoparticles

To prepare CoO nanoparticles, 0.25 M aqueous solution of cobalt chloride (CoCl~2~) and 0.25 M aqueous solution of oxalic acid were prepared in distilled water. Solution containing oxalic acid was heated to a temperature of 55°C and then CoCl~2~ solution was added drop wise (slowly for 1 hour) to this heated solution under high-speed stirring. Cobalt oxalate precipitate settled at the bottom and was separated and washed with deionized water thrice. The particles were dried at 60°C in oven and then heated up to 450°C in tube furnace to get CoO nanoparticles.^[@R28]^

### Tin Oxide Nanoparticles

To prepare SnO nanoparticles, 0.25 M aqueous solution of tin chloride (SnCl~2~) and 0.25 M aqueous solution of oxalic acid were prepared in distilled water. The solution containing oxalic acid was heated at temperature of 55°C and SnCl~2~ solution was added drop wise (slowly for 1 hour) to this heated solution under high-speed stirring. Tin oxalate precipitate settled at the bottom and was separated and washed with deionized water thrice. The particles were dried at 60°C in oven and heated up to 450°C in tube furnace to get CoO nanoparticles.^[@R29]^

Characterization
----------------

For nanoparticles characterization, scanning electron microscope (SEM) and x-ray diffraction (XRD) were used. Scherrer formula was used for small nanocrystallite size, and for size distribution, SEM images were analyzed.

Drug-Loading Analysis
---------------------

Five milligram of DOX was dissolved in 10 mL of distilled water and continuously shaken on an orbital shaker. Sixty milligrams of nanoparticles were added to this solution for drug-loading purposes. With continuous shaking, a small amount of this solution was taken out to evaluate its absorption/transmission using UV--visual spectroscopy.

RESULTS
=======

Results using above methodology are presented in this section.

Nanoparticles Characterization
------------------------------

Particle morphology was assessed with SEM images and XRD patterns. The average particle size was found to be from 30 to 60 nm for all nanomaterials discussed. Size distribution was also found to be very fine around this range, as indicated by the SEM images in Figure [1](#F1){ref-type="fig"}. XRD patterns for various nanoparticles match with their standard profiles. Figure [2](#F2){ref-type="fig"} presents XRD profiles for Fe~3~O~4~, NiO, CoO, and SnO. From XRD we see that material of the particles have very close pattern to the standard ones that confirmed the material and its purity level. The purity and material confirmation grade is \>95% for all kinds of particles. The size of all particles was counterchecked by applying Scherrer formula by considering the peak broadness and full-width half maxima (FWHM) of all patterns. This confirmed that the size of all particles is in nanorange. Figure [3](#F3){ref-type="fig"} shows results for iron oxide nanoparticles coated with monoethylene glycol (MEG), diethylene glycol (DEG), and PEG. These figures show that even after coating with PEG, iron oxide nanoparticles maintain their crystalline structure. However, different levels of peak broadening are evident (give FWHM of different curves). In Figure [3](#F3){ref-type="fig"}, broader peaks for iron oxide nanoparticles coated with different PEG can be observed. The peak broadening increases with the size of PEG molecule and for PEG peaks are wider as compared with the MEG. These broader peaks indicate thinner size of the particles due to coating material.

![SEM images of various nanoparticles. Images show that nanoparticles are of the size of 30 to 60 nm and size distribution is almost uniform and thin. (A) Iron oxide. (B) Nickle oxide. (C) Cobalt oxide. (D) Stannous oxide. SEM = scanning electron microscope.](medi-94-e617-g001){#F1}

![XRD profiles for noncoated nanoparticles of different metal oxides. These profiles indicate the formation of crystalline particles of a particular material. (A) XRD profile for cobalt oxide, (B) nickel oxide, (C) stannous oxide, and (D) iron oxide. XRD = x-ray diffraction.](medi-94-e617-g002){#F2}

![XRD patterns for surface-coated iron oxide nanomaterials. Peaks get broadened and a little noisy with coated iron oxide nanoparticles whereas simple iron oxide pattern is less noisy. XRD = x-ray diffraction.](medi-94-e617-g003){#F3}

Drug Loading
------------

Results of drug loading on different nanoparticles are presented in Figures [4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}. Figure [4](#F4){ref-type="fig"} compares drug loading of various nanomaterials without any surface coating, whereas Figure [5](#F5){ref-type="fig"} presents comparative drug loading for coated iron oxide nanoparticles. For noncoated CoO, nanoparticles seem to have a sufficient drug-loading values, whereas other nanomaterials do not have any drug loaded or entrapped into the particle structure. Similarly, iron oxide nanoparticles accept almost half of the drug as compared with the CoO nanoparticles. However, SnO and NiO seem to accept least level of drug loading. Figure [5](#F5){ref-type="fig"} presents DOX loading onto PEG-coated iron oxide nanoparticles. These profiles suggest that we get maximum loading with MEG whereas DOX loading reduces with DEG and PEG. With PEG, there is some loading that is gradual for the initial 12 hours whereas for DEG and MEG, loading is abrupt in the initial couple of hours and get almost sustained afterward.

![Results for DOX drug loading onto the nanoparticles. These results are for uncoated nanoparticles and it is obvious that cobalt oxide nanoparticles can load a sufficient amount of drug onto them even without any surface coating. DOX = doxorubicin, XRD = x-ray diffraction.](medi-94-e617-g004){#F4}

![Results for DOX loading onto the coated iron oxide nanoparticles with different coated molecules. DOX = doxorubicin.](medi-94-e617-g005){#F5}

DISCUSSION
==========

This work describes synthesis and characterization of various transition metal oxide nanomaterials with a water-soluble anticancer drug-loading efficiency for a very simple loading method. Different metal oxide nanoparticles were synthesized by wet chemical method of coprecipitation because of its simplicity and popularity and well-defined analysis of the results available in the literature.^[@R6],[@R20]^ Results have shown that sufficiently small nanoparticles of sizes from 30 to 60 nm can be synthesized with fine size distribution using the above-mentioned methods. Particles \<4 μm are eliminated by cells of the RES, mainly in the liver (60%--90%) and the spleen (3%--10%). Particles \>200 nm are usually filtered by the spleen,^[@R18]^ the cutoff point of which extends up to 250 nm. Particles up to 100 nm are mainly phagocytosed via liver cells. In general, it is observed that the larger the particles, the shorter their plasma half-life. Another limiting factor is due to the physiological barriers present in the human body, such as BBB and low blood retention times. Morphological characteristics of the particles, such as particles size, shape, distribution of size and surface charges available, vitally effect the pharmaco-kinectics of these particles in-vivo.^[@R30],[@R31]^ These properties directly influence the uptake and clearance of these particles to and from various organs of the body.

Nanomaterials are being widely used for drug delivery purposes in cancer treatment to alleviate the problems of undesirable side effects due to unwarranted accumulation of anticancer drug in the healthy tissues. Our comparison results show that nanomaterials, in functionalized form, are able to load sufficient quantities of the target drug onto their nanocarriers. This study describes an analysis of various transition metal oxide nanoparticles for their drug-loading behavior, with or without being functionalized, because of their better shelf life and biotoxicity. We observed that CoO nanoparticles are able to load DOX without any surface coating. This is not a case with other transition metal oxide nanoparticles, for example, NiO and SnO, whereas Fe~3~O~4~ nanoparticles seem to load relatively more quantity of the anticancer drug. This is in contrast to the most published results where surface-modified nanoparticles are used to facilitate relatively more anticancer drug onto the nanoparticles. It is well known that certain characteristics of nanocarriers, such as morphology including shape and size, surface charges, electrostatic charges, or availability of binding sites, count toward the drug quantity loaded onto the nanoparticles. Surface functionalization affects these parameters and ultimately accounts for the amount of the loaded drug. Our sample characterization showed all favorable results for the sake of drug-loading purposes.

Instead of synthesis analysis, our main analysis in this work was on drug-loading efficiency and behavior. We see that surface-coated particles of reasonable size (10--30 nm) are useful for biomedical applications as well as surface coating seems to have pronounced effect on drug loading of different nanoparticles. Controlled drug loading and release is very important for water-insoluble anticancer drugs or to reduce undesirable side effects caused by drug delivery to the healthy tissue. Understanding of drug-loading phenomena onto the nanoparticles is really challenging, although it is very simple to carry out actual loading. Drugs may be loaded during the synthesis or postsynthesis process. Our view is that the ultimate same amount of drug should be loaded onto the nanocarriers if particle morphology, loading methods, and environmental parameters are kept same. We stirred nanoparticles in a saturated aqueous drug solution for the drug to be absorbed or adsorbed onto the particles. Different procedures are considered to be responsible for entrapment of the drug onto the nanoparticles such as diffusion, surface charges, or encapsulation of the drug into the space between coating and the particle. Interpretation of drug loading are generally considered to be chemical-covalent/noncovalent/physical bonding including all other bindings such as hydrophobic, electrostatic, or hydrogen bonding, which may result in surface attachments or encapsulation of the drug into the nanocarriers. Both of these phenomena should facilitate optimal loading sites and minimal hindrance to diffusion process of the drug on to the nanoparticles surface, which certainly depends on the particle itself and its neighboring environment. Noncovalent bonding is believed to be less firmly attached drug to the particle and therefore it is considered to be more sensitive to the particle and its environment.

From the drug-loading results for coated nanoparticles, we found that the amount of anticancer drug load reduces with increasing size of the coating molecule. This analysis is found notably interesting because it is very important to decide for the coating material for drug delivery purposes. However, our important result is that in case of CoO nanoparticles, drug may be loaded without any surface coating of the material. Drug loading on cobalt nanoparticles may be similar to the loading of anticancer drug onto the PEG coated or surface functionalized nanoparticles, which depends on the solubility of the drug to the recipient matrix, drug polymer interactions, molecular weights, and end-functional groups both in drug and the polymer. Two parameters that are binding site availability and drug diffusion mainly affect the drug-loading efficiency. Stability may be evaluated in ideal conditions or pure solvent and a better understanding requires studying behavior in other complex environment. Following may be the forces that keep the conjugate stable (or loading): van der Waals attractive forces, electrostatic stabilization, and static repulsion stabilization. Drug release is considered to be dependent on surrounding environment, such as pH or temperature, and similarly loading will also be influenced by these parameters. Ratio of loaded to free drug in a particular environment may give an indication of drug loading, release, or stability and may be studied, for example, by reducing fluorescence of DOX molecules while being loaded onto gold nanoparticles.

CONCLUSIONS
===========

We compared DOX drug-loading efficiency of various transition metal oxide nanoparticles with or without surface coating in terms of drug diffusion onto the particles using UV--visual results. It was observed that surface functionalization of the nanomaterials helps obtaining more drug load onto the nanoparticles. A keen observation was that nanoparticles coated with lighter molecules in terms of molecular weight carry more drugs as compared with the particles coated with heavier coating material. CoO nanoparticles, however, can exceptionally load enough anticancer drugs even without any surface coating. This behavior requires further detailed insight into the loading physics and chemistry.

Abbreviations: BBB = blood--brain barrier, DEG = diethylene glycol, DOX = doxorubicin, FWHM = full-width half maxima, MEG = monoethylene glycol, PEG = polyethylene glycol, RES = reticuloendothelial system, SEM = scanning electron microscope, XRD = x-ray diffraction.
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